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(57) ABSTRACT

According to one embodiment, a liquid crystal display appa-
ratus includes an interference filter, a transistor, a substrate,
and a liquid crystal layer. The interference filter includes a
first area and a second area. The first area transmits light in a
first wavelength band and reflects light except the first wave-
length band. The second area transmits white light. The tran-
sistor is provided on the first area and the second area. The
substrate faces the interference filter. The liquid crystal layer
is provided between the interference filter and the substrate.
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LIQUID CRYSTAL DISPLAY APPARATUS
INCLUDING INTERFERENCE FILTERS

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application is based upon and claims the ben-
efit of priority from Japanese Patent Application No. 2012-
057421, filed Mar. 14, 2012, the entire contents of which are
incorporated herein by reference.

FIELD

[0002] Embodiments described herein relate generally to a
liquid crystal display apparatus including interference filters.

BACKGROUND

[0003] A display apparatus including a liquid crystal dis-
play has increased in demand more and more with the diffu-
sion of terrestrial digital broadcasting, the Internet, and cel-
lular phones. There are increasing demands for various sizes
of displays such as compact displays used for mobile devices
and large displays used for large-screen televisions.

[0004] A liquid crystal display is designed to perform color
display by causing white light emitted from a backlight to
emerge through a color filter. As a conventional color filter,
absorption filters using pigments or dyes are used. When
white light passes such an absorption filter, the filter absorbs
light components except the transmission wavelength region
of the filter. When, for example, white light passes through a
blue absorption filter, green and red light components are
absorbed by the filter. Likewise, when white light passes
through a green absorption filter, red and blue light compo-
nents are absorbed by the filter. When white light passes
through a red absorption filter, green and blue light compo-
nents are absorbed by the filter. As a consequence, the light
utilization efficiency of a liquid crystal display apparatus
using absorption filters is Y5 that of an apparatus using no
absorption filters.

[0005] There is proposed a scheme of providing white sub-
pixels in addition to red, blue, and green sub-pixels to
improve the light utilization efficiency. White sub-pixels are,
for example, sub-pixels provided with no absorption filters. It
is therefore possible to bring out light from white sub-pixels
without any loss.

[0006] Providing white sub-pixels can improve the light
utilization efficiency. Note however that light passing through
red, blue, and green sub-pixels is attenuated to 4. For this
reason, demands have arisen for a liquid crystal display appa-
ratus with further improved light utilization efficiency.

BRIEF DESCRIPTION OF THE DRAWINGS

[0007] FIG. 1A is a plan view of a color filter in a liquid
crystal display apparatus according to the first embodiment
when viewed from the display surface of the liquid crystal
display apparatus;

[0008] FIG.1Bisasectional view taken alongaline1A-1A
in FIG. 1A,
[0009] FIG. 2A is a graph showing the transmission char-

acteristics (ordinate) of an interference filter 101 with respect
to wavelengths (abscissa);

[0010] FIG. 2B is agraph showing reflection characteristics
(ordinate) with respect to wavelengths (abscissa);

[0011] FIG. 3 is a graph showing an example of the trans-
mission characteristics of an absorption filter 105;
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[0012] FIG. 4 is a sectional view showing the structure of
the liquid crystal display apparatus according to the first
embodiment;

[0013] FIG. 5A is a view showing an example of the
arrangement of an interference filter 2;

[0014] FIG. 5B is a graph showing the wavelength (ab-
scissa) dependence of a refractive index n (ordinate) as an
optical constant of the interference filter 2 as an example;
[0015] FIG. 5C is a graph showing the wavelength depen-
dence of an extinction coeflicient k as an optical constant of
the interference filter 2 as an example;

[0016] FIGS. 6A, 6B, 6C, 6D, 6E, 6F, 6G, 6H, and 6] are
views for explaining a manufacturing process for the first
color filter;

[0017] FIG.7A s aview showing the arrangement of filters
in a case in which one pixel is constituted by only red, green
and blue sub-pixels;

[0018] FIG. 7B isaview showing the arrangement of filters
in a case in which one pixel is constituted by red, green, blue,
and white sub-pixels;

[0019] FIG. 7C is a view showing an example of the trans-
mittance of an absorption filter in an ideal state;

[0020] FIG. 8 is a graph showing the transmission charac-
teristics of an absorption filter as an example;

[0021] FIG. 9A is a plan view of a color filter in a liquid
crystal display apparatus according to the second embodi-
ment when viewed from the display surface of the liquid
crystal display apparatus;

[0022] FIG.9Bisasectional view taken alonga line 9A-9A
in FIG. 9A;
[0023] FIGS. 10A and 10B are views for explaining a color

filter arrangement of the first modification of the second
embodiment;

[0024] FIGS. 11A and 11B are views for explaining the
arrangement of a modification in which red, green, and blue
interference filters are formed on each white pixel portion in
a horizontal stripe pattern;

[0025] FIG. 12 is a view for explaining a color filter
arrangement in a liquid crystal display apparatus according to
the third embodiment; and

[0026] FIG. 13 is a view for explaining a color filter
arrangement in a liquid crystal display apparatus according to
the fourth embodiment.

DETAILED DESCRIPTION

[0027] In general, according to one embodiment, a liquid
crystal display apparatus includes an interference filter, a
transistor, a substrate, and a liquid crystal layer. The interfer-
ence filter includes a first area and a second area. The first area
transmits light in a first wavelength band and reflects light
except the first wavelength band. The second area transmits
white light. The transistor is provided on the first area and the
second area. The substrate faces the interference filter. The
liquid crystal layer is provided between the interference filter
and the substrate.

First Embodiment

[0028] FIGS.1A and 1B are views for explaining the basic
arrangement of a color filter in a liquid crystal display appa-
ratus according to the first embodiment.
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[0029] FIG. 1A is a plan view of a color filter viewed from
the display surface of the liquid crystal display apparatus.
FIG. 1B is a sectional view taken along a line 1A-1A in FIG.
1A.

[0030] As shown in FIG. 1A, the liquid crystal display
apparatus according to this embodiment is provided with a
color filter with one pixel including four sub-pixels including
ared (R)pixel 110, a green (G) pixel 111, a blue (B) pixel 112,
and a white (W) pixel 113.

[0031] Roughly speaking, the liquid crystal display appa-
ratus is formed by interposing a liquid crystal layer 103
between an array substrate 102 and a counter substrate 106. In
this embodiment, color filters are formed on both the array
substrate 102 and the counter substrate 106. The liquid crystal
layer 103 is provided between the color filter provided on the
array substrate 102 and the color filter provided on the counter
substrate 106. In this case, it is possible to include other
elements between the respective color filters and the liquid
crystal layer 103.

[0032] AsshowninFIG. 1B, afirst color filter (interference
filter) 101 having sub-pixels (red, green, and blue sub-pixels
in the case of FIG. 1A) which transmit light of different colors
and white sub-pixels for improvement in luminance is formed
on a transparent glass substrate 100 as the base of the array
substrate 102. More specifically, a red interference filter 120
is formed at a position corresponding to the red pixel 110, a
green interference filter 121 is formed at a position corre-
sponding to the green pixel 111, and a blue interference filter
122 is formed at a position corresponding to the blue pixel
112. On the other hand, in the first embodiment, a position
corresponding to the white pixel 113 corresponds to a trans-
parent pixel at which no interference filter is formed. That is,
the first color filter includes the first area as the red interfer-
ence filter 120 and the second area as a transparent pixel. The
first color filter includes the third area as the green interfer-
ence filter 121 and the fourth area as the blue interference
filter 122.

[0033] A second color filter 105 including sub-pixels (red,
green, and blue sub-pixels in the case of FIG. 1A) which
transmit light of different colors corresponding to the first
sub-pixels and white sub-pixels for improvement in lumi-
nance is formed on a transparent glass substrate 104 serving
as the base of the counter substrate 106. More specifically, a
red absorption filter 130 is formed at a position corresponding
to the red pixel 110, a green absorption filter 131 is formed at
a position corresponding to the green pixel 111, and a blue
absorption filter 132 is formed at a position corresponding to
the blue pixel 112. On the other hand, a position correspond-
ing to the white pixel 113 corresponds to a transparent pixel
on which no absorption filter is formed.

[0034] As shown in FIG. 1B, when viewed in section, the
red interference filter 120 and the red absorption filter 130
vertically overlap each other, the green interference filter 121
and the green absorption filter 131 vertically overlap each
other, and the blue interference filter 122 and the blue absorp-
tion filter 132 vertically overlap each other.

[0035] The following is an example of the first color filter
101 and second color filter 105. FIG. 2A shows an example of
the transmission characteristics (ordinate) of the first color
filter 101 with respect to wavelengths (abscissa). FIG. 2B
shows an example of the reflection characteristics (ordinate)
with respect to wavelengths (abscissa). FIG. 3 shows an
example of the transmission characteristics of the absorption
filter 105.
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[0036] An interference filter has the characteristic of trans-
mitting light in a specific wavelength band and reflecting light
except the specific wavelength band. As shown in FIGS. 2A
and 2B, for example, the red interference filter 120 corre-
sponding to a red sub-pixel has the characteristic (R) of trans-
mitting light in the red wavelength band and reflecting light in
other color wavelength bands. Likewise, the green interfer-
ence filter 121 corresponding to a green sub-pixel has the
characteristic (G) of transmitting light in the green wave-
length band and reflecting light in other color wavelength
bands. In addition, likewise, the blue interference filter 122
corresponding to a blue sub-pixel has the characteristic (B) of
transmitting light in the blue wavelength band and reflecting
light in other color wavelength bands.

[0037] In contrast to this, an absorption filter has the prop-
erly of transmitting light in a specific wavelength band and
absorbing light except the specific wavelength band. FIG. 3
shows an example of the transmittance (ordinate) of an
absorption filter with respect to wavelength (abscissa). As
shown in FIG. 3, for example, the red absorption filter 130 has
the characteristic (R) of transmitting light in the red wave-
length band and absorbing light in other color wavelength
bands. Likewise, the green absorption filter 131 has the char-
acteristic (G) of transmitting light in the green wavelength
band and absorbing light in other color wavelength bands. In
addition, likewise, the blue absorption filter 132 has the char-
acteristic (B) of transmitting light in the blue wavelength
band and absorbing light in other color wavelength bands.

[0038] FIG. 4 is a sectional view showing the structure of
the liquid crystal display apparatus according to the first
embodiment. As described above, roughly speaking, the lig-
uid crystal display apparatus is provided with an array sub-
strate 20 and a counter substrate 21. The array substrate 20
and the counter substrate 21 are fixed at a proper distance
through a spacer or the like. A liquid crystal layer 22 is held
between the array substrate 20 and the counter substrate 21.

[0039] A red interference filter 6, a green interference filter
7, and a blue interference filter 8 are respectively formed at
portions corresponding to red, green, and blue pixels on the
counter surface side of a transparent glass substrate 1 as the
base of the array substrate 20 with respect to the counter
substrate 21. Referring to FIG. 4, the red interference filter 6,
the green interference filter 7, and the blue interference filter
8 are collectively referred to as the interference filter 2.

[0040] The interference filter 2 in the case of FIG. 4 is a
Fabry-Perot type interference filter, which includes a first
reflecting layer 3, a spacer layer 5, and a second reflecting
layer 4. The first reflecting layer 3 is formed by alternately
stacking dielectric films having different refractive indices,
e.g., silicon nitride films and silicon oxide films. This layer
semi-transmits/reflects visible light. The spacer layer 5 is
formed by stacking a plurality of dielectric members, e.g.,
silicon nitride films, between the first reflecting layer 3 and
the second reflecting layer 4 so as to have different thick-
nesses for the respective colors to which the interference filter
2 corresponds. In other words, the spacer layer 5 is formed
such that portions corresponding to the red interference filter
6, the green interference filter 7, and the blue interference
filter 8 have different thicknesses. The second reflecting layer
4 is formed by alternately stacking dielectric films having
different refractive indices, e.g., silicon nitride films and sili-
con oxide films. This layer semi-transmits/reflects visible

light.
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[0041] In the case of a general liquid crystal display appa-
ratus, only one silicon oxide film or the like is formed as an
undercoat layer on the glass substrate 1. The undercoat layer
is formed to prevent diffusion of impurities from the glass
substrate 1 or improve the flatness of the glass substrate 1. In
this embodiment, the interference filter 2 is formed instead of
an undercoat layer.

[0042] FIG.5A shows anexample ofthe arrangement of the
interference filter 2. For example, in the case of the interfer-
ence filter 2, silicon oxide films which form the first reflecting
layer 3 and the second reflecting layer 4 each have a thickness
of about 92 nm, and silicon nitride films which form the first
reflecting layer 3 and the second reflecting layer 4 each have
a thickness of about 58 nm.

[0043] FIG. 5B is a graph showing the wavelength (ab-
scissa) dependence of the refractive index n (ordinate) as an
optical constant of the interference filter 2 as an example.
FIG. 5C s a graph showing the wavelength dependence ofthe
extinction coefficient k as an optical constant of the interfer-
ence filter 2 as an example. The silicon nitride film of the
interference filter 2 as an example is the one that is adjusted to
make the refractive index near a wavelength of 550 nm
become 2.3. In this case, the spacer layer 5 for the formation
ofred, green, and blue color filters has a thickness of about 30
nm at a portion corresponding to the red interference filter 6,
a thickness of about 115 nm at a portion corresponding to the
green interference filter 7, and a thickness of about 78 nm at
a portion corresponding to the blue interference filter 8.
[0044] Wiring portions each including a gate line 15, a gate
insulating film 16, a pixel electrode 17 formed from a trans-
parent conductive film, a thin-film transistor (transistor) 18,
and a signal line 19 are formed on the interference filter 2, as
shown in FIG. 4. The wiring portions are arranged on portions
of'the spacer layer 5 which respectively correspond to the red
interference filter 6, the green interference filter 7, and the
blue interference filter 8. That is, the plurality of thin-film
transistors 18 respectively overlap the red pixel 110, the green
pixel 111, the blue pixel 112, and the white pixel 113.
[0045] A wiring portion including the gate line 15, the gate
insulating film 16, the pixel electrode 17 formed from a trans-
parent conductive film, the thin-film transistor 18, and the
signal line 19 is formed in place of the interference filter 2 on
a portion, on the counter surface side of the glass substrate 1
with respect to the counter substrate 21, which corresponds to
a white pixel 9.

[0046] A red absorption filter 26, a green absorption filter
27, and a blue absorption filter 28 of the second color filter are
respectively formed on portions, of the counter surface side of
a transparent glass substrate 25 as the base of the counter
substrate 21 with respect to the array substrate 20, which
respectively correspond to red, green, and blue pixels. The
position of a white pixel 29 on the counter surface side of the
glass substrate 25 with respect to the array substrate 20 cor-
responds to a portion on which no absorption filter is formed.
A black matrix BM is formed at positions facing the wiring
portions on the second color filter. The red absorption filter 26
faces the red interference filter 6 and transmits at least part of
light passing through the red interference filter 6. The green
absorption filter 27 faces the green interference filter 7 and
transmits part of light passing through the green interference
filter 7. The blue absorption filter 28 faces the blue interfer-
ence filter 8 and transmits part of light passing through the
blue interference filter 8. Each white pixel portion of the
second color filter faces a portion of the first color filter on
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which no interference filter is formed, and transmits at least
part of light passing through the portion of the first interfer-
ence filter.

[0047] A common electrode 30 formed from a transparent
electrode is formed on a surface of the portions of the red
absorption filter 26, green absorption filter 27, blue absorp-
tion filter 28, and white pixel 29, which surface faces the array
substrate 20.

[0048] A first polarizing plate 31 is provided on a surface of
the array substrate 20 which does not face the counter sub-
strate 21, and a second polarizing plate 32 is provided on a
surface of the counter substrate 21 which does not face the
array substrate 20.

[0049] The surface of the array substrate 20 which does not
face the counter substrate 21 is provided with a backlight 40
through the first polarizing plate 31. The backlight 40 shown
in FIG. 4 includes a lightguide plate 41, a reflecting plate 42,
and a light source 43. Grooves 44 are formed in the lower
surface of the lightguide plate 41. In addition, as the light
source 43, for example, it is possible to use various kinds of
light sources which can emit white light. For example, a white
light-emitting diode can be used as the light source 43.
[0050] The operation of the liquid crystal display apparatus
shown in FIG. 4 will be described. The light emitted from the
light source 43 of the backlight 40 propagates in the light-
guide plate 41 while being totally reflected. When this light
strikes the grooves 44, the total reflection conditions are not
met, and light emerges to the array substrate 20. This light
reaches the glass substrate 1 through the first polarizing plate
31, is transmitted through the glass substrate 1, and strikes the
first color filter.

[0051] In this case, when, for example, red light R of the
light emitted from the light source 43 reaches the red inter-
ference filter 6 forming the first color filter, the red light R is
transmitted through the red interference filter 6. In contrast,
when the red light R reaches interference filters of other
colors, the red light R is reflected to the backlight 40 side. This
light R is reflected by the reflecting plate 42 again. In this
manner, the red light R propagates in the lightguide plate 41
until it is transmitted through the red interference filter 6
while being multireflected.

[0052] Likewise, when, for example, green light G of the
light emitted from the light source 43 reaches the green inter-
ference filter 7 forming the first color filter, the green light G
is transmitted through the green interference filter 7. In con-
trast, when the green light G reaches interference filters of
other colors, the green light G is reflected to the backlight 40
side. This light G is reflected by the reflecting plate 42 again.
In this manner, the green light G propagates in the lightguide
plate 41 until it is transmitted through the green interference
filter 7 while being multireflected. Although not shown in
FIG. 4, the same applies to blue light. That is, when blue light
B ofthe light emitted from the light source 43 reaches the blue
interference filter 8 forming the first color filter, the blue light
B is transmitted through the blue interference filter 8. In
contrast, when the blue light B reaches interference filters of
other colors, the blue light B is reflected to the backlight 40
side. This light B is reflected by the reflecting plate 42 again.
In this manner, the blue light B propagates in the lightguide
plate 41 until it is transmitted through the blue interference
filter 8 while being multireflected.

[0053] In addition, when the light emitted from the light
source 43 reaches the portion of the white pixel 9, the light
emerges without any change.
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[0054] The light transmitted through the interference filter
2 reaches the liquid crystal layer 22 through the pixel elec-
trode 17. The liquid crystal layer 22 is configured to change its
alignment in accordance with the electric field generated
between the pixel electrode 17 and the common electrode 30.
Supplying a gate signal to the gate line 15 will turn on the
thin-film transistor 18. Supplying a signal corresponding to a
desired tone to the thin-film transistor 18 in the ON state
through the signal line 19 will change the magnitude of the
electric field between the pixel electrode 17 and common
electrode 30. This changes the amount of light transmitted
through the liquid crystal layer 22. The light emerging from
the liquid crystal layer 22 then strikes the second color filter.
[0055] Inthis case, when the red light R of the light emerg-
ing from the liquid crystal layer 22 reaches the red absorption
filter 26 forming the second color filter, light of the red light
R which falls within the specific wavelength band shown in
FIG. 3 is transmitted through the red absorption filter 26,
while the red absorption filter 26 absorbs light in other wave-
length bands.

[0056] Likewise, when the green light G of the light emerg-
ing from the liquid crystal layer 22 reaches the green absorp-
tion filter 27 forming the second color filter, light of the green
light G which falls within the specific wavelength band shown
in FIG. 3 is transmitted through the green absorption filter 27,
while the green absorption filter 27 absorbs light in other
wavelength bands. In addition, likewise, when the blue light
B of the light emerging from the liquid crystal layer 22
reaches the blue absorption filter 28 forming the second color
filter, light of the blue light B which falls within the specific
wavelength band shown in FIG. 3 is transmitted through the
blue absorption filter 28, while the blue absorption filter 28
absorbs light in other wavelength bands.

[0057] Furthermore, when the light emitted from the light
source 43 reaches the portion of the white pixel 29, the light
emerges without any change.

[0058] The light emerging from the second color filter is
transmitted through the glass substrate 25 and emerges except
the liquid crystal display apparatus through the second polar-
izing plate 32.

[0059] FIGS. 6A to 6] are views for explaining a manufac-
turing process for the first color filter according to this
embodiment. First of all, as shown in FIG. 6A, a silicon
nitride film, a silicon oxide film, a silicon nitride film, and a
silicon oxide film are consecutively formed on the glass sub-
strate 1 so as to form the first reflecting layer 3 formed from
the four layers on the entire surface. The dielectric films
forming the first reflecting layer 3 can be consecutively
formed by CVD (Chemical Vapor Deposition) by controlling
a gas pressure and the like.

[0060] Subsequently, a silicon nitride film 10 having a
thickness of about 37 nm is formed on the entire surface of the
first reflecting layer 3 by CVD. After the silicon nitride film
10 is formed on the entire surface, a resist 11 is patterned on
the silicon nitride film 10 by photolithography, as shown in
FIG. 6B. As shown in FIG. 6C, a spacer layer is patterned by
chemical dry etching, and then the resist 11 is removed. A
portion left without being dry-etched becomes the green
interference filter 7. If the selectivity between a silicon nitride
film and a silicon oxide film is sufficiently high, i.e., the
etching rate of a silicon oxide film is sufficiently lower than
that of a silicon nitride film, in chemical dry etching, it is
possible to selectively etch only the silicon nitride film while
suppressing etching damage to the silicon oxide film as an
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underlying film. In practice, the etching selectivity between
them is about 5 to 10, and hence etching damage to the silicon
oxide film cannot be ignored. In order to completely remove
the silicon nitride film on the silicon oxide film by dry etch-
ing, therefore, it is preferable to completely remove the sili-
con nitride in an over-etching manner by setting a relatively
long etching time.

[0061] After dry etching of the 37 nm thick silicon nitride
film, a silicon nitride film 12 having a thickness of about 48
nm is formed on the entire surface, as shown in FIG. 6D. After
the silicon nitride film 12 is formed on the entire surface, a
resist 13 is patterned on the silicon nitride film 12 by photo-
lithography, as shown in FIG. 6E. As shown in FIG. 6F, after
a spacer layer is patterned by chemical dry etching, the resist
13 is removed. The portion where the two silicon nitride films
are stacked on each other as shown in FIG. 6F becomes the
green interference filter 7. A one-layer portion becomes the
blue interference filter 8. A portion where no silicon nitride
film is stacked becomes the red interference filter 6. As shown
in FIG. 6F, in this embodiment, the area of the portion serving
as the red interference filter 6 is larger than that of the portion
serving as the green interference filter 7 and that of the portion
serving as the blue interference filter 8. This is for the purpose
of forming a white pixel portion in a subsequent step.

[0062] As shown in FIG. 6G, then, a silicon nitride film
having a thickness of about 30 nm, which is equal to the
thickness of the red interference filter 6, is formed on the
entire surface, and the second reflecting layer 4 formed from
a silicon oxide film and a silicon nitride film is consecutively
formed, thereby forming the Fabry-Perot type interference
filter 2. The thickness of the spacer layer 5 on a portion
corresponding to the green interference filter 7 becomes
37+48+30=115 nm, the thickness of the spacer layer 5 on a
portion corresponding to the blue interference filter 8
becomes 48+30=78 nm, and the thickness of the spacer layer
5 on a portion corresponding to the red interference filter 6
becomes 30 nm. In this manner, the interference filter 2 is
obtained, with the spacer layer 5 having the thicknesses
shown in FIG. 5A.

[0063] Subsequently, a white pixel portion is formed. For
this purpose, as shown in FIG. 6H, a resist 14 is patterned on
portions corresponding to the interference filters 6, 7, and 8 of
the second reflecting layer 4 by photolithography. As shown
in FIG. 61, then, the first color filter shown in FIG. 4 is formed
by removing all the silicon nitride film and silicon oxide film
corresponding to the portion of the white pixel 9 by etching.

[0064] Inthe case shown in FIGS. 6A, 6B, 6C, 6D, 6E, 6F,
6G, 6H, and 61, when forming a portion serving as the white
pixel 9, this technique forms the same structure as that of the
red interference filter 6 at a portion serving as the white pixel
9, and removes all the interference filter from the portion
serving as the white pixel 9 by etching in the final step. In
contrast to this, it is possible to form a portion serving as the
white pixel 9 by masking the portion serving as the white
pixel 9 with a metal or the like in advance, forming the
interference filter 2 on portions other than the masked portion,
and then removing the metal as the mask by etching or the
like.

[0065] FIGS.7A and 7B are views for explaining the effect
of improving light utilization efficiency by adding white pix-
els. FIG. 7A is a view showing the arrangement of a filter
when one pixel is formed from only red, green, and blue
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sub-pixels. FIG. 7B is a view showing the arrangement of a
filter when one pixel is formed from red, green, blue, and
white sub-pixels.

[0066] For comparison, consider the efficiency obtained by
using only absorption filters. Assume that in this case, the
transmittance of an absorption filter is in an ideal state as
shown in FIG. 7C. An absorption filter in an ideal state trans-
mits 100% of light in the transmission region and absorbs
light in the absorption region. When performing white dis-
play by arranging the ideal absorption filter shown in FIG. 7C
into the filter arrangement shown in FIG. 7A, V4 of incident
light emerges from the liquid crystal display apparatus. In
contrast, when performing white display by arranging the
ideal absorption filter shown in FIG. 7C into the filter arrange-
ment shown in FIG. 7B, %5 of incident light emerges from
each of red, green, and blue pixels in the liquid crystal display
apparatus, and light emerges from each white pixel without
any loss. Assuming that each pixel has the same size in FIGS.
7A and 7B, the area of each sub-pixel in FIG. 7B is % of the
area of each sub-pixel in FIG. 7A. In the case shown in FIG.
7B, therefore, the efficiency of light passing through the
absorption filter is given by Ya+(¥4)x(¥3)="2. That is, in the
case shown in FIG. 7B, when performing white display, the
brightness becomes 1.5 times that in the case of FIG. 7A. In
other words, when performing display operation with the
same brightness, the power consumption can be reduced to
%.

[0067] In contrast to this, consider the efficiency of an
interference filter. Assume that in this case, the transmission/
reflection characteristics of the interference filter are in an
ideal state. At this time, all the light can be brought out. That
is, when each pixel like that shown in FIG. 7B is formed by
using an ideal interference filter, the efficiency can be
increased three times that when using only red, green, and
blue absorption filters, and can be increased two times that
when using red, green, and blue absorption filters and white
pixels.

[0068] For comparison, the efficiency of an actual color
filter is considered. Assume that an absorption filter having
the characteristics shown in FIG. 8 is arranged and used in an
arrangement like that shown in FIG. 7A. In this case, the filter
transmits about 27% of incident light. When obtaining such
efficiency, there is no consideration of loss through a polar-
izing plate, and it is assumed that the opening ratio is 100%.
When a three-color filter is formed, it is possible to obtain the
above efficiency by calculating a transmission spectrum
assuming that %5 of incident light is transmitted through each
of absorption filters of the respective colors and converting
the transmission spectrum into a luminance. In this case,
when the absorption filter shown in FIG. 8 is used, the NTSC
ratio representing a color gamut becomes 60%. Subsequent
comparison of efficiencies will be performed with an NTSC
ratio of 60%. Since the efficiency increases as the color gamut
narrows, it is necessary to keep the color gamut unchanged to
properly evaluate efficiencies.

[0069] An efficiency is obtained when an absorption filter
having the characteristics shown in FIG. 8 is arranged and
used in the manner shown in FIG. 7B. In this case, an effi-
ciency is obtained in the same manner as in the case of FIG.
7A,i.e., by calculating a transmission spectrum assuming that
Y4 of incident light is transmitted through each of the absorp-
tion filters of the respective colors and a white pixel portion.
When obtaining an efficiency in this manner, the efficiency
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becomes about 46%. This indicates that the efficiency is
improved by 1.7 times that when no white pixel is provided.
[0070] An efficiency is then calculated when interference
filters are used. As an example of setting a color gamut to an
NTSC ratio of 60%, interference filters having the character-
istics shown in FIGS. 2A and 2B and absorption filters having
the characteristics shown in FIG. 3 are used. When using an
interference filter, it is necessary to add the step of reusing
light reflected by the interference filter. This makes it impos-
sible to calculate an efficiency by simple calculation. For this
reason, an efficiency is obtained by numerical calculation.
The efficiency obtained as a result of the above processing
was 64%. That is, it is possible to achieve an efficiency 2.4
times that when sub-pixels are formed by using only absorp-
tion filters of three colors, and 1.4 times that when absorption
filters of three colors and white pixels are provided.

[0071] Note that the first embodiment has exemplified the
case in which no interference filters or absorption filters are
formed on white pixel portions. Since white pixels are pixels
which are provided to improve luminance, an improvement in
efficiency like that described above can be achieved even by
using filters of green with the highest luminance sensitivity to
the human eye as absorption filters. Although no absorption
filter is formed on the pixel 29 in FIG. 4, a green absorption
filter may be formed.

[0072] As described above, according to this embodiment,
it is possible to improve light utilization efficiency and obtain
a high power saving effect by forming white pixels while
reusing interference filters.

Second Embodiment

[0073] The second embodiment will be described. In the
first embodiment, white pixel portions are transparent pixels
on which no interference filters or absorption filters are
formed. In contrast to this, the first color filter in the second
embodiment is configured to form white pixel portions by
forming interference filters of three colors, i.e., red, green,
and blue, as shown in FIGS. 9A and 9B. That is, each white
pixel portion includes red, green, and blue interference filters.
Light beams passing through these interference filters are
combined into white light. FIG. 9A is plan view of an inter-
ference filter 101 in the second embodiment. FIG. 9B is a
sectional view taken along a line 9A-9A. The structure of a
wiring portion in the second embodiment is the same as that
shown in FIG. 4. That is, a plurality of sub-pixels formed on
a white pixel portion are not independently driven. Note that
the arrangement of the second color filter is the same as that
in the first embodiment.

[0074] Forming each white pixel portion by using red,
green, and blue interference filters eliminates the necessity of
the steps shown in FIGS. 6H and 61. That is, applying the
same steps as those shown in FIGS. 6A, 6B, 6C, 6D, 6E, 6F,
and 6G to each white pixel portion eliminates the necessity of
last etching.

[0075] The second embodiment need not always use the
arrangement shown in FIGS. 9A and 9B as long as red, green,
and blue interference filters are arranged on each white pixel
portion with almost the same area. For example, the color
arrangement of red, green, and blue sub-pixels and white
sub-pixel may be changed. FIGS. 10A and 10B each show a
case in which interference filters of the same color (green in
FIGS. 10A and 10B) are arranged on the peripheries of a
black matrix BM at white sub-pixels. Such an arrangement is
used because wiring portions are formed on an interference
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filter 2 at positions corresponding to the black matrix BM. As
shown in FIG. 4, the interference filter 2 is formed so as to
have different thicknesses in accordance with colors. For this
reason, if interference filter portions corresponding to the
black matrix BM and its peripheries are made to have differ-
ent colors, the formation positions of wiring portions differ
depending on pixels when viewed in the height direction. In
this case, wiring portions are formed on stepped portions, and
the wirings tend to be disconnected. For this reason, interfer-
ence filter portions corresponding to the black matrix BM and
its peripheries preferably have the same color. FIGS. 10A and
10B each show a case in which interference filters on the
peripheries of the black matrix BM are green interference
filters each having the largest thickness. Note that FIG. 10B
shows a case in which green interference filters are arranged
on all the peripheral portions of the black matrix BM as well
as portions in the longitudinal direction of the filters. In this
case, the red, green, and blue interference filters preferably
have the same area.

[0076] FIGS. 9A and 9B and FIGS. 10A and 10B each
show a case in which red, green, and blue interference filters
are formed in a vertical stripe pattern on portions correspond-
ing to white pixel portions. In contrast to this, as shown in
FIG. 11A, red, green, and blue interference filters are formed
in a horizontal stripe pattern on each white pixel portion. As
shown in FIG. 11B, red, green, and blue interference filters
may be formed in an oblique stripe pattern on each white pixel
portion. As the arrangement of interference filters in this
embodiment, arrangements other than those described above
can be used. That is, if each white pixel portion is constituted
by interference filters of a plurality of colors (which need not
always be constituted by interference filters of three colors,
i.e., red, blue, and green), this is also incorporated in all the
embodiments.

[0077] In addition, in the above case, red, blue, and green
interference filters are formed one by one on each white pixel
portion. However, a plurality of sets of red, blue, and green
interference filters may be formed on one white pixel.
[0078] When each white pixel portion is constituted by
interference filters of a plurality of colors, the efficiency like
that described above is about 45%, assuming that red, blue,
and green interference filters have the same area. Note that in
this efficiency calculation, each interference filter has the
characteristics shown in FIGS. 2A and 2B, and each absorp-
tion filter has the characteristics shown in FIG. 3. As a result,
the efficiency is almost the same as that when absorption
filters of three colors are used, and each white pixel is a
transparent pixel, and is about 1.6 times that when absorption
filters of three colors are used, and no white pixel is provided.
Using interference filters having characteristics close to those
in an ideal state can obtain a higher efficiency.

[0079] In particular, when sub-pixels arranged near white
pixels have the same color as that of some of interference
filters forming white pixels which are in contact with the
sub-pixels, the boundaries between the white pixels and the
adjacent sub-pixels have no stepped portions. For this reason,
providing a thin-film transistor 18 on the boundary between
two sub-pixels can form the thin-film transistor 18 on a flat
surface. This will prevent the thin-film transistor from dete-
riorating in reliability.

[0080] As described above, this embodiment can improve
light utilization efficiency and obtain a large power saving
effect by forming white pixels while reusing light with inter-
ference filters. In addition, the embodiment eliminates the
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necessity of an etching step of forming transparent pixels by
forming white pixel portions using interference filters of a
plurality of colors instead of forming them into transparent
pixels.

[0081] Note that the second embodiment has exemplified
the case in which each white pixel portion is formed by
interference filters of three colors, and no absorption filters
are formed. Since white pixels are pixels which are provided
to improve luminance, an improvement in efficiency like that
described above can be achieved even by using filters of green
with the highest luminance sensitivity to the human eye as
absorption filters. Although no absorption filter is formed on
each white pixel in the case of FIG. 9B, a green absorption
filter may be formed.

Third Embodiment

[0082] The third embodiment will be described. FIG. 12 is
a view showing the arrangement of interference filters in the
third embodiment. As shown in FIG. 12, in the third embodi-
ment, the area of each white pixel portion is smaller than that
of'each of sub-pixels of other colors. In this case, the arrange-
ment of the white pixels shown in FIG. 12 may be that of
transparent pixels described in the first embodiment, or that of
interference filters of a plurality of colors like that described
in the second embodiment.

[0083] As in the first and second embodiments, when the
area of each white pixel is the same as that of each of sub-pixel
portions of other colors, the efficiency of white display
increases, but the efficiency of color display decreases. When
performing single-color display of red, green, or blue, in
particular, the efficiency decreases. When one pixel is consti-
tuted by sub-pixels of four colors, i.e., red, green, blue, and
white with the red, green, blue, and white sub-pixels having
the same area, the area of each sub-pixel becomes ¥4 that
when one pixel is constituted by sub-pixels of three colors,
i.e., red, green, and blue. Considering, for example, single-
color display of red, using sub-pixels of four colors, i.e., red,
green, blue, and white, requires a power consumption 4/3
(about 1.3 times) that in the above case to perform display
with the same brightness. As compared with the case of
absorption filters of three colors and white pixels, the effi-
ciency of white display may become 1.7 times that when
white pixels are used, but the efficiency of color display may
decrease to 1/1.3. Each white pixel has the same area as that
of each of sub-pixels of other colors, the total efficiency
becomes about 1.3 times that in the above case. In order to
converge this total efficiency to a certain value, the area of
each white pixel may be limited to some extent. For example,
in order to improve the total efficiency to about 1.5 times, the
area ratio between each white pixel and each of sub-pixels of
other colors may be set to about 2:8.

[0084] When using interference filters, each white pixel
outputs not only ¥4 of incident light, which corresponds to the
area ratio, but also part of light reflected and recycled by other
interference filters. Each white pixel outputs a larger amount
of light than when a while pixel is added to absorption filters
of three colors. For this reason, using interference filters will
suppress a deterioration in efficiency when the area of each
white pixel is reduced.

[0085] As described above, this embodiment can improve
light utilization efficiency and obtain a large power saving
effect by forming white pixels while reusing light with inter-
ference filters. In addition, the embodiment can improve the
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efficiency of color display by making the area of each white
pixel smaller than that of each of sub-pixels of other colors.
[0086] Note that the third embodiment has exemplified the
case in which no absorption filters are formed on white pixels.
Since white pixels are pixels which are inserted to improve
luminance, an improvement in efficiency like that described
above can be achieved even by using filters of green with the
highest luminance sensitivity to the human eye as absorption
filters. As white pixels, green absorption filters may be
formed.

Fourth Embodiment

[0087] The fourthembodiment will be described. FIG.13 is
a view showing the arrangement of interference filters in the
fourth embodiment. The second embodiment has exemplified
the case in which interference filters of a plurality of colors
are formed on each white pixel portion. In contrast to this, the
fourth embodiment exemplifies a case in which a single-color
interference filter is formed on each white pixel portion, and
each white pixel is formed by a plurality of adjacent pixels.
[0088] FIG. 13 shows a case in which four pixels form one
white pixel. With regard to the upper left pixel in FIG. 13, a
red sub-pixel is formed on a white pixel, and a red interfer-
ence filter is formed on the portion. With regard to the upper
right pixel in FIG. 13, a green sub-pixel is formed on a white
pixel, and a green interference filter is formed on the portion.
With regard to the lower left pixel in FIG. 13, a blue sub-pixel
is formed on a white pixel, and a blue interference filter is
formed on the portion. In addition, with regard to the lower
right pixel in FIG. 13, a white sub-pixel is formed on a white
pixel (formed by placing a transparent pixel or interference
filters of a plurality of colors).

[0089] When performing white display, the upper left white
pixel in FIG. 13 performs red display, the upper right white
pixel in FIG. 13 performs green display, the lower left white
pixel in FIG. 13 performs blue display, and the lower right
white pixel in FIG. 13 performs white display. In this case,
four white pixels can be regarded to averagely perform white
display.

[0090] The fourth embodiment exemplifies a case in which
no absorption filter is formed on the lower right white pixel
portion in FIG. 13. Obviously, when the upper left, upper
right, and lower left white pixels in FIG. 13 respectively
perform red display, green display, and blue display, the
absorption filters of the respective colors are used. Since
white pixels are pixels which are provided to improve lumi-
nance, an improvement in efficiency like that described above
can be achieved even by using filters of green with the highest
luminance sensitivity to the human eye as absorption filters.
As the lower right white pixel in FIG. 13, a green absorption
filter may be formed.

[0091] As described above, this embodiment can improve
light utilization efficiency and obtain a large power saving
effect by forming white pixels while reusing light with inter-
ference filters. In addition, according to the embodiment,
forming each white pixel by using a plurality of sub-pixels
can also suppress a deterioration in efficiency by reducing the
area of each white pixel.

[0092] While certain embodiments have been described,
these embodiments have been presented by way of example

Sep. 19, 2013

only, and are not intended to limit the scope of the inventions.
Indeed, the novel embodiments described herein may be
embodied in a variety of other forms; furthermore, various
omissions, substitutions and changes in the form of the
embodiments described herein may be made without depart-
ing from the spirit of the inventions. The accompanying
claims and their equivalents are intended to cover such forms
or modifications as would fall within the scope and spirit of
the inventions.

What is claimed is:

1. A liquid crystal display apparatus comprising:

an interference filter including a first area and a second

area, the first area transmitting light in a first wavelength
band and reflecting light except the first wavelength
band, and the second area transmitting white light;

a transistor provided on the first area and the second area;

a substrate facing the interference filter; and

a liquid crystal layer provided between the interference

filter and the substrate.

2. The apparatus of claim 1, wherein the interference filter
includes a third area and a forth area, the third area transmit-
ting light in a second wavelength band and reflecting light
except the second wavelength band, and the fourth area trans-
mitting light in a third wavelength band and reflecting light
except the third wavelength band, and

the liquid crystal display apparatus further comprises a

transistor provided on the third area and the fourth area.

3. The apparatus of claim 2, wherein the second area
includes a first portion, a second portion and a third portion,
the first portion transmitting light in the first wavelength band
and reflecting light except the first wavelength band, the
second portion transmitting light in the second wavelength
band and reflecting light except the second wavelength band,
and the third portion transmitting light in the third wavelength
band and reflecting light except the third wavelength band.

4. The apparatus of claim 3, wherein the first portion is
provided adjacent to the first area, and

at least one of the transistor provided on the first area and

the transistor provided on the second area is formed to be
overlapped on a boundary between the second area and
the first area.

5. The apparatus of claim 1, wherein the second area has an
area smaller than that of the first area.

6. The apparatus of claim 1, further comprising an absorp-
tion filter which is placed at a position facing the interference
filter of the substrate through a liquid crystal layer and
includes a fifth area and a sixth area, the fifth are facing the
first area and transmitting at least part of light transmitted
through the first area, and the sixth area facing the second area
and transmitting at least part of light transmitted through the
second area.

7. The apparatus of claim 6, wherein the absorption filter
includes a seventh area and an eighth area, the seventh area
facing the third area and transmitting at least part of light
transmitted through the third area, and the eighth area facing
the fourth area and transmitting at least part of light transmit-
ted through the fourth area.

8. The apparatus of claim 6, wherein the sixth area trans-
mits green light.
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